Phylogenetic relationships among 8 subspecies of Neotoma albigula and sister species from the United States and Mexico were examined using DNA sequence data from the mitochondrial DNA cytochrome-b gene. Parsimony, likelihood, and neighbor-joining analyses revealed a strong dichotomy between populations of N. albigula from Texas and eastern Mexico (eastern form) and those from New Mexico, Arizona, and northwestern Mexico (western form). These analyses indicate presence of 2 cryptic species within this taxon that are paraphyletic under current taxonomy. A sister-group relationship was found between N. albigula from Texas and eastern Mexico and N. micropus, whereas populations of N. albigula from New Mexico, Arizona, and northwestern Mexico formed a sister-group relationship with N. floridana. That latter group in turn formed a sister-taxon relationship to the Texas-eastern Mexico N. albigula and N. micropus clade. The Rio Grande and Rio Conchos seem to have been the major barriers restricting gene flow between ancestral populations of a N. floridana-like woodrat. Populations of N. floridana were further isolated geographically by reduction of suitable habitat brought about by changing climatic patterns that allowed formation of xeric plant communities soon after the end of the Late Wisconsin.
The genus Neotoma (woodrats) is composed of 22 species (Hall 1981) , which are divided into 4 subgenera (Neotoma, Teonopus, Hodomys, and Teonoma) . The latter 3 subgenera are monotypic, whereas the subgenus Neotoma contains 19 species and 98 subspecies. Consequently, many of the taxonomic and systematic controversies concerning woodrats involve the subgenus Neotoma, which includes 4 species groups (albigula, floridana, lepida, and mexicana). In particular, the N. albigula species group has received much attention (Birney 1973 (Birney , 1976 Planz et al. 1996; Rogers and Schmidly 1981; Zimmerman and Nejtek 1977) .
The white-throated woodrat (N. albigula) * Correspondent: cedwards@ttacs.ttu.edu inhabits deserts and semiarid brushlands throughout much of the southwestern United States, central Mexico, and 2 Baja California islands (Hall 1981) . Goldman (1910) considered N. albigula to be a member of the albigula species group and included N. floridana and N. micropus in the N. floridana species group. Burt and Barkalow (1942) , based on examination of bacular morphology, considered N. micropus to be intermediate in form to N. albigula and N. floridana and subsequently placed N. micropus in its own species group. Hooper (1960) , using morphology of the glans penis, considered N. albigula, N. floridana, and N. micropus to be conspecific or sibling species. Hall and Genoways (1970) concluded that N. montezuma and N. a. leucodon were synonymous and that N. latrifons should be considered a subspecies of N. albigula. They further concluded that N. nelsoni, N. palatina, and N. varia genetically were more closely related to N. albigula than to any other species. Birney (1973 Birney ( , 1976 agreed with the conclusions of Hooper (1960) and suggested that woodrats assigned to these 3 species should be placed in a single species group, the N. floridana group. Currently, the N. albigula species group contains 15 subspecies of N. albigula and 3 Mexican endemics, N. nelsoni, N. palatina, and N. varia (Hall 1981) . Furthermore, Hall (1981) placed micropus and floridana into the N. floridana species group. Several biochemical, karyologic, and molecular techniques have been used to address systematic relationships among members of these groups with varying results. Karyotypic analyses of 6 species of Neotoma indicated a monomorphic karyotype (Baker and Mascarello 1969) with N. floridana, N. micropus, N. albigula, N. lepida, N. stephensi, and N. mexicana possessing a diploid number (2n ϭ 52) with interspecific variation in the number of biarmed autosomes. The only variation reported by Baker and Mascarello (1969) was in N. fuscipes (2n ϭ 56), whereas N. cinerea and N. phenax had 2n ϭ 54 and 2n ϭ 38, respectively. Polymorphisms in fundamental number were found in N. micropus, with the number of large biarmed elements varying from 1 to 4 (Mascarello and Warner 1974) . However, Koop et al. (1985) were unable to resolve phylogenetic affinities of the aforementioned taxa using chromosomal banding data. Zimmerman and Nejtek (1977) , based on results of starch-gel electrophoresis, suggested that N. micropus formed a sistergroup relationship with N. floridana, whereas N. albigula formed a sister-taxa relationship with the N. floridana-N. micropus clade. Immunoelectrophoretic data (Shipley et al. 1990 ) supported that sistergroup association of N. floridana and N. micropus to the exclusion of N. albigula and supported Hall's (1981) placement of N. micropus within the N. floridana species group. Most recently, Planz et al. (1996) used mitochondrial DNA (mtDNA) restriction sites to clarify phylogenetic relationships among members of the N. floridana species group. Analysis of their results suggested the existence of 2 cryptic species within N. albigula. However, those authors did not comment on the phylogenetic relationships of the various species groups.
Our goals were to test monophyly of the N. albigula species group, to evaluate phylogeography of members of the N. albigula species group by examining 8 subspecies from geographically and ecologically distinct regions, and to evaluate levels of genetic differentiation of the N. floridana and N. albigula species groups.
MATERIALS AND METHODS
Samples.-Eight subspecies of N. albigula were examined in this study: N. a. albigula (Arizona, New Mexico, and Texas) . a. venusta (Arizona and Mexico) , and N. a. warreni (Oklahoma). Samples of N. floridana, N. goldmani, N. mexicana, and N. micropus were included as reference samples. N. cinerea (subgenus Teonoma) and N. alleni (subgenus Hodomys) were used as outgroup taxa. Specimens were collected from natural populations or tissues were borrowed from collaborative institutions (Appendix I). When possible, multiple individuals were examined per taxon to verify sequence accuracy and evaluate geographic distribution of genetic entities.
Data collection.-Mitochondrial DNA was extracted from liver and purified by the Wizard Miniprep kit (Promega, Madison, Wisconsin). The entire cytochrome-b gene was amplified using the polymerase chain reaction (Saiki et al. 1988 ) with the following parameters: 39 cycles of 92ЊC (15 s) denaturing, 50ЊC annealing (1 min), and 72ЊC (1 min, 10 s) extension; followed by 1 cycle of 72ЊC (4 min). Amplification reactions were performed in 50-l volumes, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM MgCl 2 , 1 M primer concentration, and 1.25 U of Taq (Fisher Scientific, Pittsburgh, Pennsylvania) . The polymerase chain reaction primers (MVZ05 and H15915) were those used by Irwin et al. (1991) . The amplified products were purified with silica gel with a QIAquick PCR Purification Kit (Qiagen, Valencia, California) .
Amplicons were sequenced with dye-labeled terminators and about 60-80 ng of DNA with cycle sequencing conditions of 95ЊC (30 s) denaturing, 50ЊC (20 s) annealing, and 60ЊC (3 min) extension. Eight primers were used in the sequencing protocol: 2 (MVZ05 and H15915) were used in the polymerase chain reaction amplification (Irwin et al. 1991) , 3 (400R, 700L, and WDRAT 1100) were reported in Peppers and Bradley (2000) , and 3 (400F [CCATGAG-GACAAATATCCTTCTGAGGG] , WDRAT 650
, and CWE1 [CTACAGAAACA-CCTAATGACAAACATCCG]) were designed specifically for members of the genus Neotoma. Sequences were generated with the ABI-Prism 310 Genetic Analyzer (PE Applied Biosystems, Foster City, California). Sequences were aligned and edited using Sequencher 5.0 software (Bromberg et al. 1995) .
Data analysis.-Maximum parsimony analyses were conducted using PAUP* (Swofford 1999) . Robustness and nodal support in all parsimony analyses were evaluated with 1,000 bootstrap iterations (Felsenstein 1985) and Bremer support indices (Bremer 1994) were calculated with autodecay analysis (Eriksson 1997) . Variable nucleotide positions were treated as unordered, discrete characters with 4 possible character states: A, C, G, and T. Uninformative characters were excluded from all parsimony analyses, and N. alleni and N. cinerea were used as outgroup taxa.
Several weighting schemes were used in parsimony analyses. Those included equal weighting and downweighting of transitions by factors of 2 (Irwin et al. 1991) and 6. The factor of 6 was inherent to the ingroup and was calculated from the average transition : transversion (ti:tv) ratio in pairwise comparisons. First-, 2nd-, and 3rd-position substitutions were weighted differentially with the inherent codon position calculated for the ingroup of 4.8:21.4:1. A combination of the inherent ti:tv ratio and positional weighting scheme (4.8:21.4:1 and 6:1) also was performed. Nucleotide sequence data were weighted with MacClade (Maddison and Maddison 1992) , and then analyzed with the maximum parsimony option of PAUP*.
Genetic distances were calculated for the Kimura 2-parameter (Kimura 1980) , Tajima-Nei (Tajima and Nei 1984) , and Tamura-Nei (Tamura and Nei 1993) models of evolution. Those distances were then used to construct neighborjoining trees (Saitou and Nei 1987) with PAUP*.
Maximum-likelihood analyses included the estimation of parameters (ti:tv ratios and gamma-shape parameter) for the HKY85-⌫ model of evolution (Hasegawa et al. 1985) . The model parameters estimated for the most parsimonious tree(s) were used for subsequent maximum-likelihood searches with the method of Sullivan et al. (1997) . Analyses used empirical base composition, 10 random input orders, and tree-bisection-reconnection branch swapping. The Kishino-Hasegawa test (Kishino and Hasegawa 1989 ) was used to compare likelihood scores generated for different tree topologies.
The monophyly of N. albigula and relationships among species groups were tested by constraining tree topologies to produce a monophyletic clade containing the 8 subspecies of N. albigula. The number of steps, consistency index (CI), and retention index (RI) for that tree were compared with those of the most parsimonious tree generated in the equal-weighted parsimony analysis. Additionally, maximum-likelihood analyses and Kishino-Hasegawa tests were used to test among alternative tree topologies resulting from the various constraints employed above.
RESULTS
The complete mitochondrial cytochromeb gene (1,143 base pairs) was sequenced for 8 taxa (32 individuals), and 269 characters were determined to be phylogenetically informative. Average nucleotide frequencies were: adenine 32.2%, cytosine 29.0%, guanine 12.4%, and thymine 26.4%. Comparisons of nucleotide substitutions for members of the ingroup revealed that transitions were 6 times more common than transversions. Substitutions per nucleotide position were calculated for ingroup taxa and resulted in 45 substitutions occurring in the 1st position, 10 in the 2nd, and 214 in the When informative characters were equally weighted, 9 most parsimonious trees were generated. A strict consensus tree ( Fig. 1 ) required 941 steps, with a CI of 0.494 and an RI of 0.781. The topology of the consensus tree depicted 3 major clades. The 1st clade contained specimens of N. albigula (N. a. albigula, N. a. durangae, N. a. laplataensis, N. a. sheldoni, and N. a. venusta) , N. floridana, and N. goldmani. Nine specimens of N. a. albigula formed a monophyletic group. Within that clade, an unresolved polytomy existed among specimens of N. a. albigula, N. a. durangae, N. a. laplataensis, N. a. sheldoni, and N. a. venusta (Fig. 1) . The 3rd major clade contained only the specimen representing N. mexicana, which was basal to the remaining ingroup taxa.
Analyses in which transitions were downweighted by factors of 2 and 6 produced identical topologies to that presented in the equal-weighted analysis (Fig. 1) . A downweight of 2 produced 6 most parsimonious trees with the resulting strict consensus tree being 1,137 steps in length, possessing a CI of 0.528 and an RI of 0.798. The analysis in which transitions were downweighted by a factor of 6 also produced 6 most parsimonious trees with the corresponding strict consensus tree (not shown) requiring 1,921 steps with a CI of 0.593 and an RI of 0.829. All nodes possessed bootstrap and Bremer support values similar to those in Fig. 1 .
When nucleotide positions were weighted using the inherent ratio of 4.8:21.4:1, 3 most parsimonious trees were produced. The strict consensus tree required 2,170 steps and possessed a CI of 0.533 and an RI of 0.813 (Fig. 2) . The topology of that tree was similar to that of the equal-weighted analysis in that it contained the 3 major clades and associations of the 1st N. albigula clade, the N. floridana clade, and the N. goldmani clade remained intact (Fig. 1) . Bootstrap values for those clades were comparable to those in the equal-weighted analysis; however, Bremer support indices decreased for most nodes. That weighting scheme caused a breakdown of several relationships present in other parsimony trees. For example, a dichotomy between specimens of N. albigula from Mexico and those from Texas and Oklahoma was obtained. Specimens from Mexico united with the N. micropus clade followed by the addition of specimens from Texas and Oklahoma in a stepwise manner. However, support for those associations was low.
Six most parsimonious trees were produced from the downweighting of transitions by a factor of 6 combined with weighting of positions equal to 4.8:21.4:1. The strict consensus tree (not shown) required 4,383 steps and had a CI of 0.636 and an RI of 0.847. That tree was similar in topology to that of the tree generated from the weighting of nucleotide positions by 4.8:21.4:1. However, the combinational weighting scheme retained the monophyly of the 2nd N. albigula clade (Fig. 1) with N. micropus as sister to this clade. Bootstrap values and Bremer support indices were higher than those supporting the 4.8: 21.4:1 nucleotide position tree.
Genetic distances between pairs of taxa calculated using the Kimura 2-parameter (Fig. 3) , Tajima-Nei, and Tamura-Nei models were similar. Neighbor-joining trees generated using all 3 methods were identical to each other and to the equal-weighted parsimony tree (Fig. 1) .
Sequence divergences calculated for ingroup taxa using Kimura 2-parameter distances were from 0.1% to 13.6%. Average genetic distances (AGDs) were calculated between and among selected taxa (Table 1) . A single tree was constructed by constraining the 8 subspecies of N. albigula into a single monophyletic clade. The tree generated using the heuristic search option (983 steps, CI ϭ 0.473, RI ϭ 0.761) was examined by maximum-likelihood (HKY85-⌫; ti:tv ϭ 6.64; ␣ ϭ 0.174). The likelihood score for that tree (constrained) was Ϫln L 6,032.50, but the score of the most parsimonious tree (not constrained) depicting a paraphyletic separation of N. albigula samples into 2 clades (898 steps, CI ϭ 0.542, RI ϭ 793) was Ϫln L 5,985.79. The Kishino-Hasegawa test depicted a significant difference (P ϭ 0.0007) between likelihood scores for unconstrained versus constrained analyses. All possible combinations involving N. albigula (western form), N. albigula (eastern form), N. floridana, N. goldmani, and N. micropus also were constrained to generate alternative topologies as that generated in parsimony and neighbor-joining analyses (Figs. 1 and 3) . Of those combinations, topologies obtained by constraining N. albigula (eastern) and N. albigula (western) and those constraining N. floridana and N. micropus differed (KishinoHasegawa test, P ϭ 0.0007 and 0.0005, respectively) from the unconstrained topologies ( Figs. 1 and 2) . A value approaching significance (P ϭ 0.055, Kishino-Hasegawa test) was obtained when N. floridana, N. goldmani, N. albigula (eastern) , and N. micropus were constrained to form a clade. Average genetic distances (Table 1) 61% (11.18-12.09%) . Those values were similar to or exceeded those generated from pairwise comparisons of taxa considered distinct species (N. floridana, N. goldmani, N. micropus, and N. mexicana) . Those taxa differed by an AGD of 12.75% (11.71-13.63%). Comparisons of the 2 clades of N. albigula to N. floridana, N. goldmani, N. micropus, and N. mexicana also resulted in AGDs that were similar to or exceeded between-clade comparisons and between-species comparisons ( Table 1) .
Specimens of N. albigula from Mexico, Texas, and Oklahoma were sister to a clade containing samples of N. micropus (Fig. 1) and differed by an AGD of 9.33%. Although broad overlap of ranges of N. albigula and N. micropus occurs in the central Great Plains and in northern Mexico, these 2 species are largely allopatric over the majority of their respective ranges. In areas of sympatry, habitat association seems to be the major factor in maintaining genetic integrity of these taxa. N. micropus occurs in flat, semiarid plains of yucca-shortgrass or cactus-shortgrass habitats with little association to rocky terrain. Conversely, N. albigula prefers more mesic environments, such as rocky habitats or canyon colluvia in association with juniper and yucca vegetation (Finley 1958; Huheey 1972) . Where habitat separation has been disrupted (as in southeastern Colorado), hybridization has been documented between N. albigula and N. micropus (Finley 1958) .
Specimens of N. albigula from west of the Rio Grande in New Mexico, Arizona, and northwestern Mexico were sister to a clade containing N. floridana. This association is novel for these 2 species. The western clade of N. albigula and the N. floridana clade differ by an AGD of 10.49% (a value similar to that present between eastern N. albigula and N. micropus). Although hybridization between N. floridana and N. micropus has been reported at a locality in northern Oklahoma (Birney 1973) , no documentation of inbreeding between N. floridana and eastern N. albigula has been reported in the areas of sympatry. The limited contact of their ranges and habitat separation in areas of contact most likely play a major role in limiting or preventing inbreeding. Laboratory crossings of N. albi-gula and N. floridana were successful in producing hybrids of those 2 species (Birney 1976); however, it is interesting that the N. albigula male was from Utah (undoubtedly a member of the western form) and not from an area associated with the eastern form. These data are supportive of our placement of N. floridana sister to the western N. albigula clade.
Maximum-likelihood analysis using the HKY85-⌫ model of nucleotide substitution inherent to the data set (ti:tv ϭ 6.64 and gamma-shape parameter ϭ 0.174) resulted in a topology similar to that shown in parsimony and neighbor-joining analyses (Figs. 1 and 3) . Alternative tree topologies were tested using the Kishino-Hasegawa test. Disruption of the sister relationship between N. albigula (western) and N. floridana was statistically more improbable than arrangements depicted in the unconstrained model. Additionally, when N. floridana and N. micropus were constrained as sister taxa, that relationship was significantly less likely than the unconstrained relationship (Figs. 1 and 2) involving N. albigula (western) and N. floridana. Zimmerman and Nejtek (1977) reported polymorphisms at several allozymic loci among populations of N. albigula. Although they did not conclude that 2 distinct species were present, their findings introduced the hypothesis that limited gene flow was occurring between several of the populations sampled. Divergence times for N. albigula, N. floridana, and N. micropus were estimated to be about 155,000 years ago. Planz (1992) identified alternate allelic forms at 6 loci and 2 distinct mtDNA haplotypes near El Paso, Texas. He noted that this was at least 1 area of sympatry between the 2 allelic forms. Planz et al. (1996) documented the existence of 2 genetic ''forms'' of N. albigula. They suggested that the present ranges of those 2 forms were largely allopatric, with geographic separation occurring along the Rio Grande in New Mexico. The only area of sympatry reported was near El Paso, Texas. Presence of these 2 genetically distinct forms explains the widespread geographic variation noted by Rogers and Schmidly (1981) and that described in Birney's (1976) inbreeding study.
Several studies have addressed phylogenetic relationships among members of the genus Neotoma with particular interest pertaining to taxa comprising the N. floridana species group. Several of the associations shown in our study support findings from other studies involving a variety of techniques. The disconcordance of previous data sets may be explained by the phylogenetic arrangements produced herein.
When focusing on the taxonomic framework of this group, several studies have placed N. albigula as a sister taxon to a clade containing N. micropus and N. floridana (Birney 1973; Planz et al. 1996; Shipley et al. 1990; Zimmerman and Nejtek 1977) . Karyologic data support a closer relationship of N. albigula and N. micropus to the exclusion of N. floridana (Huheey 1972) . Our results deviate from those above in that we found evidence of a relationship between western N. albigula and N. floridana. That association was strongly supported in all analyses using the mtDNA cytochrome-b gene (Figs. 1-3) . Further support was apparent in maximum-likelihood analysis where N. floridana was constrained (removed from association with the western N. albigula) with N. micropus. In that analysis, a significantly different (P ϭ 0.0005) likelihood score was generated compared with the unconstrained analysis that showed a western N. albigula-N. floridana clade.
Placement of N. goldmani as sister to the western N. albigula and N. floridana clade is interesting. Hall (1955) and Rainey and Baker (1955) considered N. goldmani a member of the N. albigula group. Hall and Genoways (1970) omitted N. goldmani from their review of members of the N. albigula group, whereas Anderson (1972) did not consider N. goldmani to be closely aligned to N. albigula. Analysis of our data clearly supports placement of N. goldmani with the western forms of N. albigula and N. floridana.
Biogeographic influences.-Fossil evidence from Pleistocene-age woodrat middens and influences of change in climate on paleovegetation support this unusual association of the western form of N. albigula with N. floridana and N. goldmani. Fossilized woodrat remains in cave deposits from the Mid-to Late Pleistocene (Harris 1984) reveal that N. albigula, N. floridana, N. goldmani, and N. micropus (Van Devender et al. 1987) . Woodrats were able to expand their range from the Bolson de Mapimí, which probably served as a refugium during glacial advances, into the desert Southwest via a Pleistocene woodland corridor between the Sierra Madre Oriental and the Sierra Madre Occidental. During the Early Pleistocene, populations of an early western N. albigula-N. floridana predecessor were isolated by the formation of the Rio Grande Rift, which was characterized by fissure canyons several kilometers wide and deep (Baldridge and Olsen 1989) . This scenario is supported by the sequence divergence data calculated from our data. Using the 10.5% sequence divergence for western N. albigula from N. floridana and an average of 3% substitutions/million years for cytochrome b (Arbogast 1999; Arbogast and Slowinski 1998), these 2 taxa might have diverged about 3.0-3.5 ϫ 10 6 years ago. This would place the divergence time approximately during the Late Pliocene or Early Pleistocene, supporting dates for the formation of the Rio Grande Rift as hypothesized by Baldridge and Olsen (1989) .
Individuals of N. floridana were further isolated geographically from the western N. albigula by the reduction of suitable habitat brought about by changing climatic patterns that allowed formation of xeric plant communities soon after the end of the Late Wisconsin period (Van Devender et al. 1987) . As the climate of the region stabilized, N. floridana and N. goldmani retreated to more suitable habitat, eventually occupying their present-day ranges. Western N. albigula continued its expansion across the desert Southwest and into northwestern Mexico. The western N. albigula forms were unable to expand north because of unsuitable habitat (Armstrong 1972; Findley et al. 1975; Finley 1958) and were restricted to the east by the Rio Grande. Planz et al. (1996) noted the existence of both forms of N. albigula near El Paso, Texas. They postulated that this was most likely a result of recent fluctuations in the course of the Rio Grande with respect to its orientation with the Franklin Mountains. This would explain the inclusion of N. albigula from Otero County, New Mexico (specimen 3, Appendix I, TK 74854) with the western N. albigula clade.
Taxonomic implications.-The taxonomic conclusions recommended herein are consistent with the phylogenetic species concept (Cracraft 1983) . Changes in taxonomy are necessary to reflect the paraphyly that exists among members of what is currently recognized as N. albigula and to reevaluate the composition of species groups.
In general, our results agree with those of Planz et al. (1996) . Clearly, 2 cryptic species are present within taxa currently assigned to N. albigula. N. albigula found east of the Rio Grande in New Mexico, Texas, and Oklahoma (and, presumably, eastern Colorado) and those found east and south of the Rio Conchos in Mexico (Fig.  4) should be assigned to the same species. All individuals assigned to this group should be referred to as N. leucodon Merriam (1894) . White-throated woodrats found west of the Rio Grande in Arizona, California, Nevada, New Mexico, and Utah (and, presumably western Colorado) and those west and north of the Rio Conchos in Mexico (Fig. 4) should be assigned to N. albigula. However, our data differ from those of Planz et al. (1996) in regards to the relationship of the western forms of N. albigula to other species of Neotoma. Planz et al. (1996) suggested a sister relationship between N. micropus and N. albigula (eastern and western). Analysis of our data indicates that N. leucodon (N. albigula eastern) and N. micropus constitute the N. micropus species group, whereas N. albigula, N. floridana, and N. goldmani comprise the N. floridana species group. Whether the difference in topologies generated in our study and that of Planz et al. (1996) is a result of increased sample and geographic coverage in our study or a result of restriction fragment length polymorphism examination versus DNA sequencing techniques is unclear. Further work is necessary to determine subspecific boundaries within these 2 species groups. Of particular concern are the 3 species (N. nelsoni, N. palatina, and N. varia) that Hall (1981) included in the N. albigula species group.
